We propose a framework to describe the cooperative orientational motions of water molecules in liquid water and around solute molecules in water solutions. From molecular dynamics (MD) simulation a new quantity ''site-dipole field'' is defined as the averaged orientation of water molecules that pass through each spatial position. In the site-dipole field of bulk water we found large vortex-like structures of more than 10 Å in size. Such coherent patterns persist more than 300 ps although the orientational memory of individual molecules is quickly lost. A 1-ns MD simulation of systems consisting of two amino acids shows that the fluctuations of site-dipole field of solvent are pinned around the amino acids, resulting in a stable dipole-bridge between side-chains of amino acids. The dipole-bridge is significantly formed even for the side-chain separation of 14 Å, which corresponds to five layers of water. The way that dipole-bridge forms sensitively depends on the side-chain orientations and thereby explains the specificity in the solvent-mediated interactions between biomolecules. I n order to understand the dynamics of solute molecules and biomolecule functioning in water solution, it should be a key issue to properly describe the cooperative motions of solvent water molecules. Although the molecular dynamics (MD) analyses have been devoted to finding the statistical laws of motions of water molecules (1) and the collective hierarchical features of dynamics in the hydrogen-bond network rearrangement have been found (2, 3), a clear theoretical picture of these complex motions has not yet been obtained.
I
n order to understand the dynamics of solute molecules and biomolecule functioning in water solution, it should be a key issue to properly describe the cooperative motions of solvent water molecules. Although the molecular dynamics (MD) analyses have been devoted to finding the statistical laws of motions of water molecules (1) and the collective hierarchical features of dynamics in the hydrogen-bond network rearrangement have been found (2, 3) , a clear theoretical picture of these complex motions has not yet been obtained.
Those who study structure and dynamics of the liquid state should be often confronted with the observations that molecules have two faces: In one observation molecules move cooperatively or collectively and in the other observation each molecule moves strongly randomly and chaotically. Cooperativity of motions of water molecules is manifested in the observed correlation between orientations of neighboring molecules (4) . Each molecule, on the other hand, rapidly translates and rotates with a 5-10-ps time scale (1, 4) , leading to quick randomization of orientations. Here, we propose a framework to describe these two faces of water molecules in a unified way by introducing a new quantity, site-dipole field. The site dipole is defined at each spatial position by the averaged orientation of water molecules that pass through that position. Although each water molecule randomly moves and quickly passes through each spatial site, we may expect that the coherent pattern remains in the site-dipole field because of the cooperativity among water molecules. Such coherent patterns in the bulk water should be perturbed by the presence of solute molecules to give rise to a characteristic site-dipole structure around the solute. We show that the coherent patterns indeed exist in the commonly used computer models of liquid water and that the structural ordering of site dipoles provides a perspective to understand hydration of biomolecules.
MD Simulations
Simulated Liquid Water. We performed three independent MD simulations of liquid water to examine how the features in the site-dipole field depend on the choice of potential and boundary condition. We used the most commonly studied water potential function, SPC͞E (5) or TIP3P (6) . (i) 1,000 water molecules of the SPC͞E potential were simulated under the microcanonical condition in a periodic box with density 0.997 g͞cm 3 at the average temperature 298 K. The side length of the box is L box ϭ 31.065 Å. The Coulomb interaction was treated by the reactionfield method (7) with the radius of L box ͞2 for the direct sum. (ii) 216 SPC͞E water molecules were computed in a periodic box under the canonical condition (298 K) with the Ewald method for the Coulomb interaction. (iii) 6,075 TIP3P water molecules were confined in a sphere (diameter ϭ 70 Å) under the canonical condition (300 K). A cell-multipole expansion method (8) was used for the Coulomb interaction. All three simulations were done for 300 ps, after a 100-ps equilibrium run with a time step of 1 fs and with snapshots sampled every 10 fs, and gave qualitatively identical results for the existence of vortices in dipole-field. In the following sections, the results from simulation (i) are explained, if it is not clearly mentioned which simulation is focused on. The 300-ps sampling run and 100-ps equilibrium run were long enough to analyze the collective features of the site-dipoles (9, 10) . We also performed a 1-ns MD simulation of a protein and found that a site-dipole field around the protein calculated from a subtrajectory of 300 ps, which was extracted from a 1-ns trajectory, was qualitatively similar to the field from the full trajectory of 1ns (J.H. and M. Nakasako, unpublished work).
Three Systems of Amino Acids. In a system consisting of large biomolecules, a number of charged and polar groups contribute to the interaction between the biomolecules. Here, we introduce three simple systems of amino acids to analyze the essential factors for the biomolecular interaction. Each system consists of two amino acids, Ace-Asp-Nme and Ace-Arg-Nme, where Ace and Nme are the N-terminal acetyl and C-terminal N-methyl groups, respectively, to reduce the effect of charge at the termini of amino acids. Amino acids Asp and Arg are negatively and positively charged, respectively, and frequently found on the protein surface. All dihedral angles in the amino acids are set to 180°, where the side-chain conformations are extended. This is to mimic a situation that the side-chains on the protein surface are highly exposed in solution.
The tip of the side-chain forms a triangle of three heavy atoms: {CG, OD1, OD2} for Asp, {CZ, NH1, NH2} for Arg. The two triangles are put on a plane with distance settings for OD1-NH1 and OD2-NH2 of 8 Å for system A or to 14 Å for system C. System B is generated from system A, with rotation of Arg by 90°around the vector pointing from NH1 to NH2. Thus, the distances OD1-NH1 and OD2-NH2 are the same as those of system A (i.e., 8 Å). The amino acids are immersed in the sphere of TIP3P water (diameter ϭ 50 Å), where the geometrical center of the two triangles are set to the center of the water sphere. The amino acid atoms are restrained by a harmonic function around the initial positions during the simulation (atomic displacements Ͻ0.2 Å). The cellmultipole expansion method was used. A 1-ns sampling was done at 300 K with a 1-fs time-step, after a high-temperature run (100 ps at 500 K) to break the hydrogen-bond network in the initial configuration and an equilibrium run (100 ps at 300 K). The MD program PRESTO (11) was used with an AMBER parm96 force field (12) .
Vortices in Site-Dipole Field of Computed Liquid Water
In this section, we show that mesoscopic spatial patterns of molecular orientations exist not only in each MD snapshot, but also in the time-averaged orientations over the snapshots. Existence of the spatial patterns reflects collective features in the diffusive motions of water. Because of the rapid translations and rotations of individual molecules, quantities fixed on each moving water molecule do not clarify the collective features among molecules. Instead, we consider a site-dipole field defined on each fixed spatial position. The periodic box of the liquid-water system is divided into 30 ϫ 30 ϫ 30 cubes with the side length L cube ϭ L box ͞30. Then, d(r i ,t) is introduced as the dipole moment of the ith cube at time t and is referred to as ''site-dipole,'' where r i is the body-center of the ith cube. The site-dipole d(r i ,t), whose orientation is parallel to a vector pointing from the oxygen atom to the midpoint of two hydrogen atoms of a water molecule detected in the ith cube, is normalized as ͉d(r i ,t)͉ ϭ 1, and d(r i ,t) ϭ 0 when no water molecule is detected. We also introduce the time-averaged site-dipole d w (r i ), which is calculated by summing d(r i ,t) over snapshots of the MD trajectory of a time length w and normalizing it by the number of times that molecules are detected in the ith cube during w.
The spatial patterns of the site-dipoles can be seen by coarsegraining d(r i ,t) and
, respectively. Here, r i is the position vector of a cube in a sphere (radius ϭ R) around the central cube at r i . The summation is taken over the in-sphere cubes and N cube is the number of them. The coarse-grained quantities, d (r i ,R,t) and d w (r i ,R), are exemplified in Fig. 1 A and B , respectively, where large winding patterns in the arrangement of site-dipoles are found. Then, we analyze these patterns by examining how the vectors, d(r j ,t) or d w (r j ), ''rotate'' around the position r i . The ''rotation'' of the instant site-dipoles around r i is defined as
Here, the orientation of v(r i ,R,t) represents the rotation axis, around which d(r j ,t) rotates, and the norm of v(r i ,R,t) does the amount of rotation. Similarly, the rotation for the time-averaged site-dipoles is defined as
. We call these vectors ''volticities.'' Vortex structures in the instant site-dipole field, v(r i ,R,t), and in the time-averaged site-dipole field, v w (r i ,R), are shown in Fig. 1 C and D, respectively. Fig. 1D shows that the large-scale coherent patterns survive after the time averaging over 300 ps.
Note that the existence of vortices is compatible to the known features of dipole relaxation: Random fluctuations of vortex shape should result in the short spatial correlation lengths and short relaxation times if they were measured by the two-body correlation functions. The rotational relaxation times of d and v for R ϭ 8L cube were 6.5 ps and 6.9 ps, respectively. These are comparable to the single molecule relaxation time s ϭ 5.2 ps in the present simulation. Spatial correlation lengths of v and v w were 3.2 Å, which extend to the distance between neighboring molecules.
The mesoscopic features of Fig. 1 become apparent in different statistics of the vorticities. In Fig. 2 , R-dependence of norms of v(r i ,R,t) and v w (r i ,R) are shown. The value ͉͗v w (r i ,R)͉͘ has a maximum at R ϭ 6L cube , indicating that there exist large vortices of opposite directions with the size approximately half of the box (i.e., 2R Ϸ 12L cube Ͼ 10 Å to satisfy the periodic boundary condition of the box). The water-sphere simulation (iii), which is free from the periodicity of system, demonstrated that ͉͗v w (r i ,R)͉͘ monotonically increases with R.
The statistical significance of the vorticity is assessed by using the noncorrelated model (see the caption for Fig. 3 for the definition), where the intermolecular orientations of dipoles were kept noncorrelated. The instantaneous and time-averaged site-dipoles were derived for the noncorrelated model, and the spatially coarse-grained dipoles, d Y (r i ,R) and d Yw (r i ,R), and vorticities, v Y (r i ,R) and v Yw (r i ,R), were calculated in the same manner as those for the site-dipoles in the original MD motions. Fig. 3A . The shift is more evident in Fig. 3B . Thus, the existence of vortices in the MD data are statistically significant for both the instantaneous and timeaveraged site-dipoles.
Dipole-Bridge Between Biomolecules
We found vortices of larger than 10 Å in size and of longer than 100 ps time-scale in the dipole field of simulated liquid water. Fig. 3 . Distributions of amplitude of the site dipoles in the MD model and in the noncorrelated model. The noncorrelated models were calculated by placing a randomly oriented unit vector u on each oxygen atom of moving water molecules along the MD trajectory. The orientations of u were changed by gradual or sudden rotation. In the gradual rotation, the orientation was renewed at each step of trajectory as u 3 uЈ ϭ u ϩ ⌬u, where ⌬u was a small random vector and uЈ was normalized as uЈ ϭ 1. In the sudden rotation, u was randomly rotated at each step of trajectory with a small probability . The rotational relaxation time of u was set to the value (5.2 ps) in the current simulation in both rotations with modulating ⌬u or . Universality of this mesoscopic structure of site-dipoles should be examined in a biological system. The MD simulations in the current work and refs. 11 and 12 demonstrated that the charge distribution and polarization in biomolecules enhance the ordering of site-dipoles in solvent. Fig. 4 A and C show that the site-dipole field forms a dipole-bridge between the amino acids, which persists over a time scale of 1 ns. Note that w ϭ 1 ns is much longer than the rotational and translational diffusion times of water molecules. The existence of the dipole-bridge manifests that the orientation of a water molecule is statistically pinned by the site-dipole field when the water molecule is in the region of the dipole-bridge, although the orientation is quickly randomized when the water molecule leaves the dipole-bridge. Fig. 4B demonstrates that the side-chain orientation is important in forming the bridge. Analysis using the orientational distribution function defined by Cheng et al. (13, 14) showed that the clathrate-like structure of water is formed around the CG atom of Arg in system B (data not shown), which prevents the dipole-bridge from forming. Fig. 4C also shows that the formation of bridge is significant even for the side-chain separation of 14 Å, which corresponds to five layers of water. Because the dipole field makes the Kirkwood G-factor small, the dielectric constant becomes small in the bridge, which should result in the large enthalpic interaction between charged atoms of sidechains. We calculated the electrostatic field, v PB , from the Poisson-Boltzmann equation for these systems, and compared it with the site-dipole field. Fig. 5 shows the norm of the timeaveraged site-dipole, d w (w ϭ 1 ns) and the norm of v PB , along the line between the two side-chain tips. Although v PB is large near the side-chain atoms, it rapidly decays in the middle region of the two side-chains. This means that in any system, A, B, or C, v PB does not provide a bridge of electrostatic field because of the screening effect of water. On the other hand, the norm of site-dipole is significantly large in the middle region and the dipole-bridge is formed in A and C. Fig. 5B shows that the norm of site-dipole field becomes smaller near the side-chain of Arg and that the dipole-bridge connection between two side chains in system B is much suppressed compared with system A. Thus, the site-dipole field method reveals a sensitive dependence of hydration on solute configuration, which cannot be found with the continuum Poisson-Boltzmann method. The finding of the mesoscopic structures in the dipole field should open a new view to understanding the hydration phenomena, and proposes a scheme in which the biomolecules may interact with each other through the dipole field. The x axis (r) is normalized by the distance between the side-chain tips (8 Å for system A and B, and 14 Å for system C) and the y axis is normalized by the largest norm along the line. The Poisson-Boltzmann equation was solved under the following condition: first, the two amino acids were put in a box (50 ϫ 50 ϫ 50 Å 3 ) so that the water sphere (diameter ϭ 50 Å) was included in the box. Next, the box was divided into the 1 Å cubes in the same manner as the evaluation of the site-dipoles. Lastly, v PB was calculated at each center of cubes. The dielectric constant was assumed to be 2.0 for cubes inside the amino acids, and 78.5 for those in the solvent region, where the Debye screening parameter was 0.0. The boundary of the box was calibrated by the selfconsistent boundary method, by Green's function theorem (15) , so that the electrostatic potential equals zero at infinity.
